RESULTS
a r t i c l e s The formation and stabilization of cell-cell (adherens) junctions is essential for the development, architecture, maintenance and function of tissues in higher organisms. Adherens junctions are directed by the cadherin-receptor family of single-transmembrane-pass glycoproteins, which interact in a homotypic fashion through the agency of their calcium-binding ectodomains [1] [2] [3] [4] . Clustering of these receptors stabilizes adherens junctions and remodels the actin cytoskeleton, and this response requires the interaction of the intracellular tail domains of cadherin receptors with the adaptor protein β-catenin. In turn, β-catenin binds the F-actin-binding cytoskeletal protein α-catenin to form a ternary cadherin-β-catenin-α-catenin complex [5] [6] [7] . Accordingly, α-catenin is necessary for mechanical connections between the E cadherin-β-catenin complex and the cortical actomyosin network 8, 9 , and loss of α-catenin disrupts adherens junctions and disables connections of the cadherin-β-catenin complex to the actin cytoskeleton [10] [11] [12] [13] [14] .
α-catenin is a homodimer that binds F-actin, which suggests that the ternary cadherin-β-catenin-α-catenin complex forms direct links to the actin network. However, monomeric but not dimeric α-catenin binds the E cadherin-β-catenin complex, binding of β-catenin peptide disrupts the N-terminal α-catenin homodimer, and reconstituted cadherin-β-catenin-α-catenin complexes do not bind F-actin [15] [16] [17] . Thus, α-catenin stabilizes adherens junctions by other means, and its additional binding partners have been implicated in this response, in particular the cytoskeletal proteins vinculin [18] [19] [20] and eplin 21 that also bind F-actin. For example, vinculin is necessary to stabilize adherens junctions, and force-dependent unfurling of α-catenin has been suggested to recruit vinculin to adherens junctions to stabilize these complexes 19 . Furthermore, β-catenin competes with α-catenin for binding to vinculin, which suggests that β-catenin also recruits vinculin to adherens junctions 18, 22 .
α-catenin is a 906-residue polypeptide that has been reported to harbor four functional domains: an N-terminal homodimerization and β-catenin-binding domain 23 , an α-actininand vinculin-binding domain (VBD) 22, 24 , an M fragment that can form cross-linked dimers and that can bind l-afadin 25 and a C-terminal F-actin-binding domain 7, 26 that can also bind the tight-junction protein 28) . The crystal structure of the N-terminal domain suggested that α-catenin was a symmetrical dimer whose dimerization occurs by two-fold related interactions of two α-helices from each subunit, and the structure of a chimera of this domain with β-catenin-binding peptide established that β-catenin binding disrupts this dimer 29 . The crystal structure of the isolated M fragment in the central portion of the protein revealed that this comprises two tandem four-helix bundles 30, 31 .
To resolve its structure, regulation and function, here we determined the structure of nearly full-length human α-catenin (lacking its N-terminal residues 1-81) at 3.7-Å resolution. The structure revealed that α-catenin is an asymmetric dimer and suggests that asymmetry drives its functions in controlling binding to F-actin and in its interactions with activated vinculin. Further, our studies revealed that the activated vinculin-α-catenin complex is a 2:2 heterotetramer, thus explaining how vinculin stabilizes adherens junctions. a r t i c l e s The VBD (residues 277-393) 19, 20, 28, 32, 33 was a four-helix bundle that harbored the two α-helical vinculin binding sites (VBS) of α-catenin, where the residues that direct the interaction with vinculin were buried within this four-helix bundle. The M fragment (residues 390-631) comprised tandem four-helix bundle domains as noted previously 30, 31 , yet they adopted a much more compact and vinculin-like conformation in α-catenin, where the two four-helix bundle domains were rotated by 95-135° relative to the more open V-shaped conformation (that had helix bundle-helix bundle angles of about 70-90° versus about 45° in the full-length structure) seen in the isolated M-fragment structures (Supplementary Fig. 1 ). Finally, the F-actinbinding domain of α-catenin was a five-helix bundle that resembled the vinculin tail domain that also bound to F-actin ( Fig. 1b) 34, 35 . However, the termini of these C-terminal tail domains of α-catenin and vinculin were quite distinct. First, the N terminus of the vinculin tail domain folded back toward the end of α-helix H1, whereas the N terminus of the F-actin-binding domain of α-catenin interacted with and displaced the H2-H3 loop. Second, the C terminus of the α-catenin F-actinbinding domain adopted two distinct conformations in subunits A and B that were oriented in opposite directions, and only the conformation of subunit A was similar to that of vinculin ( Fig. 1b) . These differences could contribute, in part, to the distinct F-actin binding properties of the two proteins, wherein α-catenin can bind F-actin, whereas vinculin binding requires activation by severing of the headtail clamp that keeps it in its inactive state [36] [37] [38] .
The a-catenin asymmetric dimer The α-catenin dimer was about 130 Å in its longest dimension, and its architecture resembled that of an asymmetric left handshake ( Fig. 2 and Supplementary Fig. 2) , where the thumbs were the helix bundles of the N terminus, the palms were the M fragment, and the fingers were the F-actin-binding domain and the VBD. Superposition of both molecules within the dimer underscored the asymmetry and distinct orientations of the two subunits (subunit A and subunit B), where there was a large r.m.s. deviation of about 4.8 Å and of even 3.2 Å without the F-actin-binding domain (that is, residues 82-631). In contrast, the individual domains of the two subunits superimposed relatively well (0.8 Å for the VBD and M fragment (residues 277-631), 0.6 Å for the M fragment (residues 390-631) and 0.5 Å for the N-terminal domain (residues 82-262)), which indicated that there is intrinsically high flexibility within the polypeptide chain. This dynamic nature may account for the ability of α-catenin to switch between its two oligomeric states.
Notably, the structure of the N-terminal dimerization domain as found in the nearly full-length α-catenin dimer more closely resembled its conformation in the β-catenin-α-catenin chimera (PDB 1DOW) 29 versus the isolated domain (PDB 1DOV) in its unbound state (r.m.s. deviation of 1.6 Å versus 2.1 Å). This was particularly the case for the subunit B conformation of α-catenin, which superimposed onto this chimera with an r.m.s. deviation of about 1.5 Å compared to superposition onto the unbound N-terminal dimerization domain (2.2 Å). In contrast, subunit A superimposed similarly onto either structure. Collectively, this architecture resulted in a more open conformation for the B subunit of α-catenin.
Except for the second four-helix bundle of the M fragment (residues 508-630), which stuck out in the α-catenin dimer, all helix bundles engaged in extensive interdomain interactions and contributed to the overall marked asymmetry of the molecule. For example, the first two α-helices of the VBD of subunit B bound the second and third npg a r t i c l e s α-helices of the VBD in subunit A (Fig. 2b) . Further, unlike the structure of the M fragment alone, where the two four-helix bundles were purported to interact 30, 31 , neither of these bundles interacted in the asymmetric α-catenin dimer.
Notably, the orientation of the F-actin-binding domain markedly differed in the two subunits of the α-catenin dimer. Specifically, although the orientation of the F-actin-binding domain in the A subunit generally resembled that seen in vinculin, the F-actin-binding domain in subunit B was rotated by about 166° compared to its orientation in subunit A ( Supplementary  Fig. 3) . Specifically, in subunit A the F-actinbinding domain α-helices H4 and H5 interacted with the VBD, α-helix H3 interacted with the M fragment, and its N terminus interacted with the N-terminal four-helix bundle of the N-terminal dimerization domain of subunit B (residues 146-262). Further, the C terminus of the F-actin-binding domain of subunit A interacted with the second four-helix bundle of the M fragment of subunit B (Fig. 2a) . In contrast, in the more open subunit B, the N terminus of the F-actin-binding domain interacted with the second four-helix bundle of the M fragment of subunit A, α-helix H4 was in contact with the VBD, and the C terminus bound the second four-helix bundle of the dimerization domain (Fig. 2b) . Finally, asymmetry did not seem to be driven by crystallization and crystal contacts, as the F-actin-binding domains, in particular those of subunit B, did not engage in any crystal contacts, and those present in subunit A seemed too minor to affect its conformation.
The closely related vinculin protein harbored five domains that also comprised four-or five-helix bundles (Vh1, Vh2, Vh3, Vt2 and the F-actin-binding domain) 39, 40 . A comparison of the full-length structures of α-catenin and vinculin indicated that their helix bundle domains were conserved, with the exception that α-catenin lacked an equivalent Vh2 domain (Supplementary Fig. 3 ). Furthermore, in the α-catenin structure, the F-actin-binding domain was oriented much differently, in particular for the flipped conformation in subunit B. These features probably explain the distinct F-actin-binding properties of the two proteins, wherein α-catenin but not inactive vinculin can bind F-actin.
b-catenin binding disrupts dimerization and F-actin binding α-catenin interacts with the E cadherin-β-catenin complex at adherens junctions by binding the N-terminal α-helix of β-catenin. Superposition of the α-catenin structure onto the β-catenin-αcatenin chimera 29 and onto the full-length β-catenin structure 41 revealed the consequences of the β-catenin interaction on α-catenin structure and function ( Fig. 3) . As shown experimentally, β-catenin and α-catenin bound as a 1:1 complex, in which β-catenin binding displaced the two N-terminal α-catenin α-helices, thus disrupting the α-catenin dimer, which had a much higher affinity for F-actin 15 . The exact F-actin-binding site of α-catenin has, however, not been defined other than that residues 864-906 were necessary for the interaction 42 . Notably, the β-catenin-α-catenin model clearly showed that β-catenin sterically hinders F-actin binding by the α-catenin dimer. Specifically, the C terminus of α-catenin that is essential for F-actin Figure 2 α-catenin is a dimer that resembles a left handshake. (a) Views onto the distinct F-actin-binding domain of subunits A (top) and B (bottom) are shown. Cyan, subunit A; gray, subunit B. The five α-helices of the respective F-actin-binding domains are colored spectrally (H1, red; H2, orange; H3, yellow; H4, green; H5, blue). The F-actin-binding domain α-helices H0 and the respective termini as well as the respective α-helices of the VBD (α1 through α4) are indicated. (b) View onto the markedly different intermolecular interactions of the VBD, shown in blue and yellow for subunits A (cyan) and B (gray), respectively. The dimer 'stands' on the N-terminal dimerization domains in this view.
Figure 3
Model of the α-catenin-β-catenin heterodimer based on the crystal structures of β-catenin (PDB 2Z6G, shown as a cartoon and surface, both in green), the α-catenin-β-catenin chimera (PDB 1DOW, shown as a cartoon in pink) and α-catenin subunits A (cyan) or B (gray) shown as a cartoon in a or b, respectively, and as a gray surface. The α-catenin F-actin-binding domain α-helices are colored spectrally as in Figure 2 . A red sphere is shown for the last α-catenin residue (858 in A and 873 in B), indicating the region involved in F-actin binding (residues 859-906). Only α-catenin residues 57-82 of the α-catenin-β-catenin chimera structure are shown (pink). , Fig. 3a) to accommodate F-actin and indeed was in direct contact, through at least one electrostatic interaction, with β-catenin in subunit B (Fig. 3b) . Indeed, a portion of the 864-906 F-actin-binding site of α-catenin (residues 865-869) was positioned to facilitate interactions with β-catenin in subunit B (Fig. 3b) . Thus, our structure explains how α-catenin can bind either F-actin or β-catenin but not both at the same time.
F-actin binding
The F-actin-binding site in the closely related tail domain of vinculin was masked in its closed-clamp, inactive conformer but was released and was fully accessible to F-actin following severing of the vinculin head-tail interactions 43 . Superposition of the F-actin-binding domain of vinculin onto our α-catenin structure revealed that different surfaces were buried and exposed in these two cytoskeletal proteins (Fig. 4) . For example, the N terminus of α-helix H4 and the C terminus of α-helix H5 were buried in inactive vinculin through interactions with its Vt2 domain, whereas these regions were largely solvent exposed in the F-actin-binding domain of subunit A of α-catenin. Further, the N terminus of α-helix H3 and the C terminus of α-helix H4 were buried in inactive vinculin by interactions with its head domain yet were solvent exposed in subunit B of α-catenin ( Fig. 4) . Thus, the α-catenin structure also explains how full-length α-catenin can bind F-actin whereas vinculin cannot. α-catenin residues 864-906, some of which (861-906 in subunit A and 876-906 in subunit B) were disordered in our structure, are essential for F-actin binding 42 . The dimeric α-catenin structure showed that the C terminus of subunit B was held in its position through extensive intermolecular interactions with the N-terminal dimerization domain of subunit A (Fig. 2a) . As a monomer (for example, following β-catenin binding) these interactions were thus lost. Notably, F-actin had also been reported to bind the N-terminal 228 residues of α-catenin with similar affinity 44 . Given that only dimeric α-catenin bound efficiently to F-actin and that this head-tail interface was lost in monomeric α-catenin, a surface that extends across both domains is perhaps the long-sought F-actin-binding site. Thus, asymmetry also explains how dimeric but not monomeric α-catenin binds F-actin.
The a-catenin-vinculin interactions
Vinculin was also necessary for stabilizing adherens junctions 19 , and force-activated α-catenin had been suggested to bind and recruit vinculin to adherens junctions [18] [19] [20] . However, our studies have established that only preactivated vinculin was capable of binding α-catenin, as the Vh1 domain that binds both α-catenin and the vinculin tail domain to hold vinculin in its closed clamp conformation had a higher affinity for the vinculin tail domain than for the VBD of α-catenin 20 . The structure of the VBD four-helix bundle within nearly full-length α-catenin presented herein, and that of VBD in complex with the vinculin Vh1 domain 20 , confirmed that, as proposed 19, 20 , the VBD unfurled when bound to activated vinculin. On a sizing column, the vinculin head (residues 1-840) in complex with α-catenin eluted well before dimeric α-catenin, which indicated that the α-cateninvinculin formed a 2:2 complex (Fig. 5a) . Notably, as shown by native gel-shift assays and immunoblotting, the asymmetric nature of the α-catenin dimer was also manifest in its interaction with vinculin, wherein the α-catenin dimer first bound one vinculin molecule before then forming the 2:2 complex (Fig. 5b) . Thus, activated vinculin unfurls dimeric α-catenin, and this 2:2 heterotetrameric complex is fully competent to bind F-actin 20 .
DISCUSSION
α-catenin binds F-actin and bundles actin filaments 44 and also binds several F-actin-binding proteins 24, 27, 30, [45] [46] [47] . However, binding Figure 4 The F-actin-binding domain surfaces of vinculin and dimeric α-catenin are distinct. (a,b) F-actin-binding domain surfaces engaging in interdomain interactions of each α-catenin molecule (blue, subunit A; green, subunit B) and of the vinculin tail domain Vt (red) are shown (gray, solvent exposed). Left panels show the Vt surfaces and cartoon, and right panels show the α-catenin surface and cartoon of subunits A (a) or B (b), respectively. In a, the N-terminal (indicated by '+') α-helix H4 and C-terminal (indicated by '−') H5 regions are buried in the F-actin-binding domain of vinculin by interactions with its Vt2 domain but are solvent exposed in subunit A of the α-catenin dimer. In b, the N-terminal α-helix H3 and C-terminal H4 regions are buried in the F-actin-binding domain of vinculin by interactions with its N-terminal four-helix bundle but are solvent exposed in subunit B of the α-catenin dimer. npg a r t i c l e s studies with purified recombinant proteins, as well as measurements of protein dynamics in cells, have clearly established that α-catenin cannot simultaneously bind β-catenin and F-actin and that the oligomeric state of α-catenin dictates which partner it binds 15 . These findings were difficult to reconcile with earlier work 28, [48] [49] [50] , but a plausible explanation was provided by the fact that E cadherin-α-catenin fusions were used in earlier studies 16 . Our structural data now provide mechanistic evidence that explains why α-catenin binding to F-actin and β-catenin is indeed mutually exclusive. Specifically, the structure shows that binding of β-catenin disrupts the intermolecular interactions of the four-helix bundle of the N terminus of one subunit of α-catenin with a region of the C terminus of the other subunit that holds the asymmetric dimer together-interactions that are necessary for binding F-actin.
The mechanism by which α-catenin binds F-actin has been a conundrum for the field, as extensive mutagenesis of the C-terminal F-actin-binding domain has failed to define the F-actin-binding motif 42 . Although in cells there are likely contributions from other partners, such as vinculin, that also bind F-actin, the fact remains that recombinant dimeric α-catenin alone binds avidly to F-actin. Notably, asymmetry also explains the F-actin binding functions of the α-catenin dimer and why monomeric α-catenin binds F-actin rather poorly 15 . Specifically, our structure reveals that the F-actin-binding surface is probably created by intermolecular interactions of the tail of α-catenin with a four-helix bundle of its N terminus, which is lost in monomeric or β-catenin-bound α-catenin. This finding also reconciles reports of F-actin binding by both the N terminus and C terminus of α-catenin 44 . Only the structure of the α-catenin dimer in complex with F-actin will allow for the full definition of the mechanism of F-actin binding.
Recombinant full-length vinculin cannot link preexisting cadherincatenin complexes and actin filaments as determined by actin pelleting assays in the presence of all four proteins 15 . However, this is the expected outcome because vinculin is in its closed conformation, which cannot bind either F-actin or α-catenin. However, at adherens junctions, vinculin is in its activated, open conformation 51 , a scenario that would allow it to bind α-catenin at adherens junctions and to facilitate interactions of α-catenin with the actin network. The fact that the vinculin tail domain readily displaced α-catenin from preexisting complexes comprising α-catenin and the vinculin head domain (that is, vinculin lacking its F-actin-binding domain) 13, 20, 24 establishes that vinculin must be preactivated at adherens junctions to interact with dimeric α-catenin and to stabilize adherens junctions (Supplementary Fig. 4) . Finally, activated vinculin also appears to directly bind cadherin receptors in cells 22 , and because the α-catenin dimer is competent to bind activated vinculin, vinculin may serve as a scaffold that tethers both α-catenin and cadherin receptors as well as F-actin.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. α-Catenin coordinates have been deposited in the Protein Data Bank, with accession code 4IGG.
Note: Supplementary information is available in the online version of the paper.
